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ABSTRACT 
Objectives: To compare the amount of fluoride, calcium and phosphate release and 
recharge of a fluoride containing bioactive glass composite to a conventional resin 
composite and a resin modified glass ionomer cement at different time points. Furthermore, 
bond strength of a fluoride containing bioactive glass composite, a conventional flowable 
composite, and a resin modified glass ionomer cement to metal orthodontic brackets was 
evaluated. 
Methods: A fluoride containing bioactive glass (BG) was synthesized using a sol-gel 
method and mixed homogeneously with an unfilled resin. For ion release and recharge, 
resin modified glass ionomer (RMGIC), Photac Fil Quick Aplicap (3M/ESPE) and 
flowable composite (Control), Filtek Supreme Ultra (Kerr), were used for comparison. 
Disc shape samples were fabricated using custom aluminum mold (1 mm in thickness and 
9 mm in diameter, (n=5 for each material) and stored in 15 mL deionized water at 37°C 
until the testing time. The amounts of fluoride, calcium, and phosphate ions released were 
evaluated at different time points: 1 hour, 24 hours, 2 days, 3 days, 4 days, 5 days 6 days 
and 7 days. At each time point, all of the storage solution was extracted, and 7.5 mL was 
vii 
used for fluoride release measurement and the remaining 7.5 mL for calcium and phosphate 
ion release measurements. After solution extraction, the samples were replaced in 15 mL 
fresh deionized water at 37°C until the next sampling time point. Ionic recharge was 
performed with 5% sodium fluoride varnish (FluoroDose, Centrix) and MI paste plus (GC) 
following the ion release-testing period. An ion meter with a Fluoride ionic selective 
electrode were used to determine fluoride concentration. A Microwave-Plasma Atomic 
Emission Spectrometer (MP-AES) was used to test the concentration of the calcium and 
phosphate.  
For the shear bond strength test, rectangular shaped ceramic samples with the 
dimensions of 2 mm x 12 mm x 14 mm (Vita Mark II, Vita) were fabricated. Standard 
edgewise-metal brackets (American Orthodontics) were bonded to the center of the 
ceramic samples using tested material (n=10 for each material). Excess material was 
removed, and the cementing materials were polymerized from each side for 20 seconds. 
Specimens were either stored in water for 24 hours at 37o C or went under thermocycling 
for 5000 cycles. After the storage period, the specimens were subjected to shear bond 
strength test using an Instron universal machine at a crosshead speed of 0.5mm/min. Loads 
to failure were recorded to calculate shear bond strength. 
Comparison of released/recharged ions and shear bond strength were done by 
ANOVA and Tukey-Kramer HSD (α = 0.05) using JMP Pro 13.  
Results: RMGIC showed significantly higher fluoride release and recharge than BG 
composite and the control. BG showed significantly higher Ca and P ion release 
compared to RMGIC followed by composite. RMGIC and BG showed significant ion 
recharge capability compared to composite. For the shear bond strength, the control 
viii 
composite showed significantly higher shear bond strength than BG composite followed 
by RMGIC. Thermocycling significantly increase bond strength for RMGIC and control 
but not for BG composite.  
Conclusions:  
1. A fluoride containing bioactive glass composite was fabricated that showed the 
ability of ion release and recharge. 
2. There was a significant difference in the amount of ion release and recharge among 
tested materials at different time points.  
3. Favorable fluoride, calcium and phosphate ion release and recharge of BG 
composite were maintained over the testing period. 
4. BG composite showed favorable bond strength to orthodontic metal brackets. 
5.  Thermocycling had a significant influence in bond strength for the materials tested 
except for BG composite. 
  
ix 





TABLE OF CONTENTS ............................................................................................... ix	
LIST OF TABLES ........................................................................................................ xii	
LIST OF FIGURES ..................................................................................................... xiii	
CHAPTER 1. INTRODUCTION .................................................................................... 1	
1.1 Background ........................................................................................................... 1	
1.2 Literature review ................................................................................................... 3	
1.2.1 White spot lesions (WSLs) ............................................................................. 3	
1.2.2 Bonding orthodontic brackets: ........................................................................ 6	
1.2.3 Composite resin .............................................................................................. 8	
1.2.4 Functional additives ........................................................................................ 9	
1.2.5 Sol-gel processing ........................................................................................ 13	
1.2.6 The Effect of Aging ...................................................................................... 14	
1.7 Statement of The Problem ................................................................................... 14	
1.8 Objectives ........................................................................................................... 14	
1.9 Null hypothesis ................................................................................................... 15	
x 
CHAPTER 2. MATERIALS AND METHODS ............................................................ 16	
2.1 Materials ............................................................................................................. 16	
2.1.1 Material used in the study ............................................................................. 16	
2.1.2 Equipment .................................................................................................... 20	
2.2 Methods .............................................................................................................. 23	
2.2.1 Experimental composite resin synthesis ........................................................ 23	
2.2.2 Ion release and recharge ............................................................................... 27	
2.2.3 Shear bond Strength Testing: ........................................................................ 31	
2.3 Statistical analysis ............................................................................................... 35	
CHAPTER 3. RESULTS .............................................................................................. 36	
3.1 Microstructural evaluation: .................................................................................. 36	
3.1.1 SEM observations:........................................................................................ 36	
3.1.2 Elemental composition analysis .................................................................... 39	
3.2 Ion release ........................................................................................................... 40	
3.2.1 Ion release measurement prior and post recharge .......................................... 40	
3.2.2 Cumulative ion release measurement ............................................................ 45	
3.2.3. Interactive effects for material and time on ion release amount. ................... 47	
3.3 Bond strength ...................................................................................................... 48	
3.4 Mode of failure ................................................................................................... 50	
CHAPTER 4. DISCUSSION ........................................................................................ 63	
xi 
4.1 Fluoride containing bioactive glass composite ..................................................... 63	
4.2 Ion release ........................................................................................................... 64	
4.2.1 Fluoride ion release ...................................................................................... 65	
4.2.2 Fluoride ion recharge .................................................................................... 66	
4.2.3 Calcium ion release ...................................................................................... 67	
4.2.4 Calcium ion recharge .................................................................................... 68	
4.2.5 Phosphate ion release.................................................................................... 69	
4.2.5 Phosphate ion recharge ................................................................................. 69	
4.3. Bond Strength .................................................................................................... 70	
4.4 Limitations .......................................................................................................... 72	
CHAPTER 5. CONCLUSIONS .................................................................................... 73	
References .................................................................................................................... 74	
List of Journal Title Abbreviations ............................................................................ 81	




LIST OF TABLES 
 
Table 1. Restorative material systems used. .................................................................. 17 
Table 2. Materials used for ion recharge. ....................................................................... 18 
Table 3. Materials used for ceramic surface preparation. ............................................... 19 
Table 4. Specimen distribution for ion measurement test. .............................................. 28 
Table 5. Specimen distribution for shear bond strength test. .......................................... 31 
Table 6. Descriptive data for identified elements for fluoride containing bioactive glass 
powder. ................................................................................................................. 40 
Table 7. Effect tests for material and time on ion release amount. ................................. 47 
Table 8. Least mean square means table. ....................................................................... 49 
Table 9. Contingency table for failure mode by material without thermocycling. .......... 52 
Table 10. Contingency table for cement residue by material without thermocycling ...... 54 
Table 11. Contingency table for mode of failure by material after thermocycling .......... 56 
Table 12. Contingency table for cement residue by material after thermocycling. .......... 58 
Table 13. Contingency table for pooled mode of failure data by treatment. ................... 60 
Table 14. Contingency table for pooled mode of failure data by material. ................... 622 
  
xiii 
LIST OF FIGURES 
 
Figure 1. Microwave Plasma Emission workflow overview. ......................................... 22 
Figure 2. Sol–gel method for preparing fluoride containing bioactive glass powder....... 25 
Figure 3. Equipment used for ion release measurements. ............................................... 29 
Figure 4. Orthodontic bracket bonded to rectangular ceramic sample. ........................... 33 
Figure 5. Bonded specimens mounted on a universal testing machine. .......................... 34 
Figure 6: SEM photograph of bioactive glass powder before the addition of fluoride. ... 36 
Figure 7. SEM photograph of bioactive glass powder including particle size after the 
addition of fluoride. ............................................................................................... 37 
Figure 8. SEM photograph of fluoride containing bioactive glass composite. ................ 37 
Figure 9. SEM photograph of Filtek Supreme Ultra flowable composite ....................... 38 
Figure 10. SEM photograph of Photac Fil Quick Aplicap RMGIC ................................ 38 
Figure 11. EDS analysis for the fluoride containing bioactive glass powder. ................. 39 
Figure 12. Ion release and recharge pattern by material group over time........................ 41 
Figure 13. Fluoride ion release and recharge pattern for materials tested over time........ 42 
Figure 14. Calcium ion release and recharge pattern for materials tested over time........ 43 
Figure 15. Phosphate ion release and recharge pattern for materials tested over time. .... 44 
Figure 16. Cumulative ion release and recharge pattern by material group over time. .... 45 
Figure 17. Cumulative ion release and recharge pattern by ion group over time. ........... 46 
Figure 18. Descriptive data for shear bond strength. ...................................................... 48 
Figure 19. Least square mean plot for shear bond strength. ........................................... 49 
Figure 20. Mosaic plot for mode of failure by material without thermocycling. ............. 51 
xiv 
Figure 21. Mosaic plot for cement residue by material without thermocycling. ............. 53 
Figure 22. Mosaic plot for mode of failure by material after thermocycling. .................. 55 
Figure 23.Mosaic plot for cement residue by material after thermocycling. ................... 57 
Figure 24. Mosaic plot for pooled mode of failure data by treatment. ............................ 59 
Figure 25. Mosaic plot for pooled mode of failure data by material. ............................ 611 
 
1 
CHAPTER 1. INTRODUCTION 
 
1.1 Background 
Dental caries is still a major public health concern resulting from a multifactorial imbalance 
between the demineralization and re-mineralization process of the dental hard tissue. 1 
White spots lesions (WSLs) on teeth are the first sign of dental caries. The cause of WSLs 
varies among patients; some factors can be developmental as a result of disturbances during 
enamel formation. Others are environmental caused by continuous bacterial 
demineralization of enamel. 2  
White spot lesions were defined by Fejerskov et al. as “the first sign of a carious 
lesion on enamel that can be detected with the naked eye”. 3 For WSLs to form, the enamel 
surface must be exposed to unaltered cariogenic plaque for approximately 14 days. 4 
During this period, the external surface of the enamel’s hydroxyapatite crystals will start 
to partially dissolve to a depth of 20-100 µm. 5 
WSLs are one of the most common side effects of fixed orthodontic brackets due 
to increased plaque accumulation, difficulty performing routine oral hygiene habits, and 
the limitation of self-cleansing mechanisms by saliva and oral musculature. 6,7 The length 
of orthodontic treatments can also increases WSLs severity and treatment prognosis. 8  
Many protocols has been established in order to decrease the incidence of WSLs, such as 
patient compliance with meticulous oral hygiene habits, routine dental hygiene visits, and 
periodic professional fluoride application. 9 
 
2 
Composite resins make up the majority of cementing materials used in orthodontic 
bracket bonding due to their superior physical properties. 10,11 The biggest disadvantage 
and main cause of failure of composite resins is recurrent caries. 12,13 When placing 
orthodontic appliances, the enamel surface is etched to achieve sufficient bond strength. 
By doing so, we are exposing enamel crystals and removing the fluoride rich layer causing 
an increase in surface porosity. 14-16 This would create an environment suitable for 
developing WSLs rapidly especially when it’s combined with poor compliance with a 
meticulous oral hygiene regimen. 4,17 It has been reported that 50%–70% of patients with 
fixed appliances had WSLs. 18,19 
The need to develop a material that would aid in solving or decreasing the rate of 
WSLs is very crucial. Changes in composite fabrication process as well as the materials 
and additives used to bond orthodontic brackets and bands were studied and tested. One of 
the suggested solutions was the addition of antimicrobial agents such as chlorhexidine and 
fluoride in the fabrication of composite material to reduce contamination by bacteria and 
therefore minimizing the problem. 20 Additives such as quaternary ammonium, silver, zinc 
oxide, and calcium Phosphate have been also incorporated into dental resins to aid in the 
prevention of enamel breakdown during the period of orthodontic treatment. 21-23 
Unfortunately, many of these materials showed lack of the recharge ability and 
decreased potency over time. 20,24 they also showed negative effects on physical properties 
including bond strength. 21,22 Despite these concerns, orthodontic treatment is an excellent 
approach to provide patients with better function, esthetics, and elevating self-esteem. 
The use of fluoride in dental materials has been recommended because of its well-
proven cariostatic effect, its ability to remineralize hard tissues and prevent 
3 
demineralization by reducing enamel and dentin solubility and formation of fluorapatite. 25 
Another advantage of fluoride-containing materials is their ability to release fluoride 
overtime, by recharging of the material with fluoride from saliva and other topical forms. 
24  
Calcium is the primary component of the enamel’s hydroxyapatite and is essential 
for the prevention of demineralization. One of the known examples for the use of calcium 
in restorative materials is the calcium hydroxide liner. It has been used for a long time for 
pulp therapy medicaments because of its ability to remineralize dentin and protect the pulp. 
26 Another form of calcium use in dentistry is the calcium phosphate compound. The 
mineral in bones and teeth is primarily hydroxyapatite which is one form of calcium 
phosphate compounds. It is an attractive material due to its excellent biocompatibility. 27 
 
1.2 Literature review 
 
1.2.1 White spot lesions (WSLs) 
Dental caries is “an infectious microbiologic disease of the teeth that results in localized 
dissolution and destruction of the calcified tissues” It is the result of continuous metabolic 
events in biofilms that cover the tooth surface. When the balance of these events shifts 
toward a cumulative loss of mineral from the tooth, increasing the porosity in the enamel 
and subsequently decreases its translucency and lead to the appearance of white spot lesion. 
28 
4 
Fejerskov et al. defined white spot lesions (WSLs) as ” the first sign of a carious 
lesion on a tooth that can be detected with the naked eye”. 3 WSLs was also defined as 
“subsurface enamel porosity from carious demineralization”. 29 
 
1.2.1.1 Etiology of WSLs 
White spots lesions on teeth can develop as a result of four main factors: bacterial plaque, 
diet (sugar), susceptible substrate, and time.2,30 
• Bacterial plaque: is composed almost completely of bacteria and their byproduct, 
mainly Streptococcus mutans and lactobacilli. Streptococcus mutans is involved in 
caries initiation, while lactobacilli contribute to its progression. 31 A high number 
of these microorganisms is probably the consequence of a high sugar intake 
resulting in prolonged periods of low pH levels in dental plaque. 32  
• Diet: fermentable carbohydrates are essential for the bacteria to produce acid 
byproducts. Increasing sugar intake episodes result in frequent lowering of the 
plaque acidity below the critical pH of 5.5 that can result in cumulative loss of 
enamel minerals. 33.   
• Susceptible substrate: Teeth consist of hydroxyapatite crystals that demineralizes 
when the environmental pH decreases. This demineralization process can be 
counteracted by re-precipitating calcium and phosphate ions on the remaining 
crystals (remineralization). 29  
• Time: Dietary sugars must be available to bacterial plaque on a susceptible tooth 
surface for a sufficient length of time to cause demineralization. 29 
5 
1.2.1.2 WSLs and orthodontic treatment: 
The presence of bands, brackets and other orthodontic appliances creates a challenge for 
the patients to perform adequate oral hygiene regimens and limits self-cleaning 
mechanisms by saliva and the oral musculature. 3,4  
When placing orthodontic appliances, the enamel surface is etched using 30-40% 
phosphoric acid for 15 seconds to achieve sufficient bond strength. By doing so, we are 
exposing enamel crystals and removing the fluoride rich layer causing an increase in 
surface porosity. 14-16 This creates an environment suitable for developing WSLs rapidly 
especially when it’s combined with poor compliance with a meticulous oral hygiene 
regimen. 4,17 
In 1988, Ogaard et al. conducted a clinical trial to investigate caries development 
associated with fixed orthodontic therapy. Five patients with a total of 10 premolars 
planned for extraction were included in the study. Orthodontic bands were attached to the 
teeth using polycarboxylate cement. White spot lesions were seen in just 4 weeks of 
banding.  After extraction, SEM examination showed signs of dissolutions of the enamel 
crystals and evident increase in intercrystalline spaces even with the apparent intact 
surface.  4 
A similar study was done by Melrose et. al in 1996. Orthodontic bands were 
attached to premolars scheduled for extraction. The bands were cemented using zinc 
phosphate cement and were left on for 4 weeks. Twenty-two premolars in eight different 
patients were included in the study. Eight showed WSLs, eight showed enamel opacities, 
and six had no lesions. Scanning electron microscopy revealed signs of initial destruction.  
34 
6 
Ahn et. al in 2007 analyzed the prevalence of cariogenic streptococci  on 
orthodontic brackets using polymerase chain reaction. Incisor brackets were collected from 
80 patients during the debonding appointment. The DNA of cariogenic streptococci was 
evaluated using polymerase chain reaction. There results showed that high prevalence of 
streptococcus mutans was found on incisor brackets. Furthermore, the prevalence of 
cariogenic streptococci was not associated with the oral hygiene indexes.  35 
 
1.2.1.3 Prevention of WSLs during orthodontic treatment 
Prevention is the key for maintaining good oral health in orthodontic patients, especially 
when predisposing factors that can alter the oral harmony i.e. intra oral appliances. The 
risk of enamel decalcification during orthodontic treatment can be minimized by: patient 
education with meticulous oral hygiene habits, routine dental hygiene visits, enhancing the 
enamel resistance to the microbial acid by using topical antimicrobial agents such as 
fluoride and Casein Phosphopeptides Amorphous Calcium Phosphate, and by using 
antimicrobial containing bonding agents and cements. 30 
 
1.2.2 Bonding orthodontic brackets: 
Orthodontic brackets have traditionally been bonded with composite resin.  Despite its 
excellent physical properties, the biggest disadvantage and major concerns are frequent 
debonding and lack of anticariogenic properties. 36 
In 2016, Mohammed et al. evaluated bond failure rates composite resin for 12 
months. Twenty-two subjects with 356 stainless steel brackets were included in this study. 
7 
The bond failures were 6.7% in the posterior teeth compared to 1.2% in the anterior teeth. 
37 
Researchers suggested bonding orthodontic brackets with materials that promote 
remineralization such as glass ionomer cements but this yielded lower bonding strength 
and more frequent debonding than composite resins.10 
In a clinical trial in 1996, Fricker et al. evaluated a 12-month success rate of glass 
ionomer cement compared to composite resin for the direct bonding of orthodontic 
brackets. The results showed a significant difference in failure of direct-bonded orthodontic 
brackets using both materials. Glass ionomer cements exhibited 20% failure rate compared 
to 5% with composite. In this study, the arch wires were attached after only 15 minutes of 
bracket bonding. This might contribute to high failure rate due to insufficient time for the 
glass ionomer cement to reach its final strength. 11 
Kao et al. in 1988 concluded that orthodontic brackets could be bonded in vitro to 
porcelain and produce bond strength comparable to that obtained by the acid-etch 
technique on natural teeth. 38 
Jost-Brinkmann and Böhme in 1999 evaluated bond strength of RMGIC and 
composite resins in bonding metal brackets to porcelain. They concluded that light-cured 
GICs provide sufficient strength for bonding to ceramic. 39 
In recent years, the number of patients with ceramic restorations seeking 
orthodontic treatment has been increasing. Bonding orthodontic brackets to ceramic 
restorations are more challenging than bonding to enamel. 40 Although high bond strength 
to porcelain restorations is desirable to lower the chance of debonding orthodontic brackets, 
there is a risk of porcelain fracture during their removal. 41-43 
8 
1.2.3 Composite resin 
Composite resins consist of four major components: Organic polymer matrix, inorganic 
fillers, coupling agent, and the initiator-accelerator system. 44 
• Organic polymer matrix: the most commonly used polymer matrixes are 
Bisphenol-A glycidyl methacrylate (Bis-GMA) and urethane dimethacrylate 
(UDMA). Both types contain a carbon double bond on the end allowing for 
additional reactions.  They are both highly viscous, so the addition of TEGDMA 
(diluent) to reduce their viscosity is normally recommended.  
• Inorganic fillers: The role of the filler in composite resin is to reinforce the matrix, 
and reduce the polymerization shrinkage during polymerization. Glass, quartz and 
silica have been commonly used as the inorganic filler, where particles vary in size, 
shape and distribution. Organic oxides are added to give the composite its different 
shades. 
• Coupling agent: or silane is what allows a good bond between the matrix and the 
filler. By having the methoxyl- group in the silane reacting with both the –OH group 
in the filler and the carbon double bond in the polymer matrix, resulting in a strong 
chemical bond. 
• Initiator-accelerator: the function of the initiator-accelerator system is to allow 
polymerization and cross-linking the composite resin into a solid mass. Based on 
the initiator/accelerator systems, composite resins can be classified into: light, self, 
and dual cured. Light cured composites contain 0.1% to 1.0% photo sensitizers such 
as camphoroquinone, which can be activated after exposure to a light source with 
a peak wavelength of 470 nm. Self-cured composite is activated when mixing the 
9 
organic amine with organic peroxide thus producing free radicals. Dual cured 
composite systems have initiators and accelerators that allow polymerization by 
light followed by self-curing reaction.  
• Other components:  
o Organic oxides such as iron oxide are added in trace amounts to provide 
different shades of composite.  
o UV absorber is added to reduce the amount of color change with time due 
to oxidation.  
o Fluorescent agents or pigments are added to enhance the natural 
appearance of composite and make the materials look less yellow by 
increasing the amount of blue light reflection. 
 
1.2.3.1 Flowable composite: 
Flowable composite is very similar to conventional composite with the exception of the 
reduced fillers load, which results in a decrease in overall viscosity. 45 Flowable composite 
has shown acceptable physical properties for use in many clinical applications: pit and 
fissure sealants, preventative resin restorations (PRR), liners, restoration repair, bonding of 
orthodontic brackets, and small pediatric dental restorations.45-47 
 
1.2.4 Functional additives  
Over the years many attempts have been made to incorporate functional additives into 
composites aiding to inhibiting demineralization and enhancing the re-mineralization 
process without compromising its physical properties or esthetics. Many additives have 
10 
been used. Two of which are fluoride, and calcium phosphate. These improved composites 
were evaluated for effective remineralization and anti-caries effects. 
 
1.2.4.1 Fluoride 
Fluoride is known for its anticariogenic effect. 24 In addition, fluoride inhibits 
demineralization by re-precipitation of dissolved calcium and phosphate ions preventing 
them from leaching out of the tooth surface into the plaque and saliva.48,49 Fluoride 
containing composite resin is an attractive material, however, its fluoride release and 
recharge is still controversial. 
In 2000, Karantakis tested the fluoride release from a glass ionomer cement (GIC), 
resin modified glass ionomer (RMGIC), compomer, and composite resin. Disks were 
fabricated (n=10) and placed in deionized water, artificial saliva, and lactic acid. 
Measurements of fluoride release were made over a period of 16 weeks. The greatest 
amount of fluoride release was in the glass ionomer material while the least amount was in 
the composite resin. Environmental pH significantly affected the fluoride release (P < 
0.05). The amount of fluoride released in lactic acid was significantly more than the amount 
of fluoride released in water and artificial saliva (P < 0.001). There was no significant 
difference in the amounts released in water and artificial saliva  (P > 0.05). 50 
In 2013, Dionysopoulos evaluated fluoride release and recharge of five fluoride-
releasing restorative materials and three dental adhesives. Five restorative materials were 
included (Fuji IX GP; Ketac N100; Dyract Extra; Beautiful; Wave) and three dental 
adhesives (Stae; Fluorobond II; Prime & Bond NT). A fluoride ion electrode was used to 
measure fluoride concentrations before and after NaF solution application. The highest 
11 
fluoride release and recharge were found in the conventional GIC materials followed by 
RMGIC while the lowest was in the fluoride-releasing composite resin. 51 
Naoum et al. in 2011 conducted a study to determine the fluoride release and 
recharge of fluoride containing resin composites. Three composite resins were included, 
and glass ionomer cement was used as a control. Disk specimens were fabricated (n=10) 
and aged for 43 days in either deionized water or lactic acid. The fluoride release was 
measured using a fluoride electrode during the aging period. Each specimen was then 
recharged in 5000 ppm NaF solution for 5 minutes and fluoride release was measured for 
period of 3 weeks. The results showed that the three composites demonstrated little fluoride 
release and recharge when aged in both deionized water and lactic acid. The GIC 
demonstrated significantly higher fluoride release and recharge than composite resins. 52 
 
1.2.4.2 Calcium phosphate 
The primary mineral in human teeth is hydroxyapatite, which is a crystalline calcium 
phosphate. 53 Recently, calcium phosphate materials have received a lot of research 
attention in dentistry due to their chemical similarity to teeth. 27,54,55 Mineral loss in 
demineralized lesion can be reversed by increasing calcium and phosphate concentrations 
in the lesion greater than those existing in the oral environment.56  
Calcium phosphate remineralization approaches have shown promising results for 
prevention and treatment of WSLs. When used in restorative materials, they act as reservoir 
on the tooth surfaces and can be released during an acidic challenges to prevent 
demineralization and promote remineralization. 57,58 However, many calcium phosphate 
12 
composites showed ion release that lasted for a short period of time without the ability to 
recharge. 57 
In 2003, Dickens et al. examined remineralizing properties of a fluoride releasing 
resin-based Ca–PO4 cements. Dissolution of calcium, phosphate and fluoride were 
determined in buffered saline and saliva-like solution. Fluoride release was measured using 
a fluoride ion electrode while the calcium and phosphate releases were measured with 
spectrophotometer methods (n=6). The results showed peak fluoride, calcium and 
phosphate release was after 24 hours but quickly diminished afterward. 57 
Regnault et al. in 2008 examined ion release profiles of different resins mixed with 
zirconia-hybridized calcium phosphate fillers. Disk specimens were immersed into the 
buffered saline or lactic acid solution. XRD analysis was done at predetermined time 
intervals for 300 hours. The results showed high initial release of both calcium and 
phosphate in composite at around 72 hours followed by a significant decrease in their 
solution concentrations. Composite showed presence of Calcium and phosphate ions even 
after 300 hours. Rapid ion release was associated with lactic acid media compared to saline. 
58 
In 2016, Zhang et al. studied calcium and phosphate recharge and release of newly 
developed composites with nanoparticles of amorphous calcium phosphate. Three Nano 
amorphous calcium phosphate composites were fabricated using different resin matrixes: 
Bisphenol A glycidyl dimethacrylate (Bis-GMA) and triethylene glycol dimethacrylate 
(TEGDMA); Pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated bisphenol 
A dimethacrylate (EBPADMA); Bis-GMA, TEGDMA, and Bis [2-
(methacryloyloxy)ethyl] phosphate (BisMEP). 20% of Nano amorphous calcium 
13 
phosphate particles were added to each resin. Three specimens from each composite were 
immersed in water. Calcium and phosphate release was measured using spectrophotometer 
method. The results showed that calcium and phosphate ion release and recharge was 
different among the groups tested. High levels of ion release were detected in all resins 
after every recharge cycle. After six recharge cycles experimental composites showed 
continuous release for 42 days without further recharge. 59 
 
1.2.5 Sol-gel processing 
Sol-gel processing as an alternative to the traditional melting processing has been studied 
as for preparing ceramics and glasses fillers for variety of applications. The process 
involves the conversion of a system from the liquid phase to a porous solid phase and 
permits the fabrication of inorganic materials with controlled structure and properties. 60  
One of the main advantages of the sol-gel method is to synthesize inorganic fillers at low 
temperature resulting in higher purity and homogeneous materials that are not possible to 
be obtained by melting method. 61  
In 1991, Li et al. synthesized bioactive glass powders, SiO2-CaO-P2O5 via either 
sol-gel process or conventional melting method. They examined the formation of a 
hydroxyapatite layer using A FT-IRRS technique. They concluded that that the rate of 
hydroxyapatite formation was higher among glass powder made by sol-gel process than 
those made by conventional melting methods. 60 
The high bioactivity of the sol-gel materials can be related to the pore size and pore 
volume, larger surface area, higher rate of dissolution, and negative surface charge. 62 
 
14 
1.2.6 The Effect of Aging 
Thermal cycling is considered one of the methods to simulate oral conditions when testing 
composite resins. The rational of its use is to verify if temperature variations cause stresses 
in cured composite materials and lead to bond deteriorations before the mechanical test 
simulate oral conditions. In this study it is also being used to examine material stability. It 
has been proposed that cycle number between 500 and 7,000 cycles is enough to show that 
effect. 63,64 
 
1.7 Statement of The Problem 
The need to develop a material that would aid in solving or decreasing the rate of white 
spot lesions in orthodontic patients is very crucial. Although attempts were made to 
incorporate bioactive materials that release calcium, phosphate and fluoride ions, it is 
important for these materials to have a long-term ion release and recharge as well as 
favorable mechanical properties.  
 
1.8 Objectives 
The objectives of this study are to: 
1. Compare the amount of fluoride, calcium and phosphate release of a fluoride 
containing bioactive glass composite to a conventional resin composite and a resin 
modified glass ionomer cement at different time points. 
2. Compare the amount of fluoride, calcium and phosphate release of a fluoride 
containing bioactive glass composite to a conventional resin composite and a resin 
modified glass ionomer cement at different time points after recharge. 
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3. Evaluate bond strength of a fluoride containing bioactive glass composite, a 
conventional resin composite, and a resin modified glass ionomer cement to metal 
orthodontic brackets. 
4. Evaluate the effect of thermocycling on bond strength of a fluoride containing 
bioactive glass composite, a conventional resin composite, and a resin modified 
glass ionomer cement bonded to metal orthodontic brackets. 
 
1.9 Null hypothesis 
1- There is no difference in the amount of ion release of a fluoride containing bioactive 
glass composite, a conventional resin composite, and a resin modified glass 
ionomer cement at different time points. 
2- There is no difference in the amount of ion release of a fluoride containing bioactive 
glass composite, a conventional resin composite, and a resin modified glass 
ionomer cement at different time points after recharge. 
3- There is no difference in bond strength between a fluoride containing bioactive 
glass composite, a conventional resin composite, and a resin modified glass 
ionomer cement to metal orthodontic brackets. 
4- There is no difference in bond strength to metal orthodontic brackets and various 
cementing materials after thermocycling. 
  
16 
CHAPTER 2. MATERIALS AND METHODS 
 
This in vitro study was conducted to evaluate ion release and rechargeability of an 
experimental fluoride-containing bioactive composite resin (BG) compared to a resin 
modified glass ionomer cement and flowable composite resin (control). In addition, shear 




2.1.1 Material used in the study  
Characteristics of restorative materials used are shown in Table 1. 
• Flowable composite (Control): Filtek Supreme Ultra. (Lot # N743047) 
• Resin modified glass ionomer cement (RMGIC): Photac Fil Quick Aplicap. (Lot # 
612955) 
• Fluoride-containing bioactive glass composite resin (BG): Fluoride containing 
bioactive glass composite resin (Boston University Biomaterials Laboratory). 
Characteristics of materials used for ion recharge are listed in Table 2. 
• 5% sodium fluoride varnish: FluoroDose. (Lot # A30677) 
• Calcium, Phosphate & Fluoride containing tooth crème: MI paste plus. (Lot # 
161104A) 
Characteristics of materials used for ceramic surface preparation are displayed in Table 3. 
• Ceramic etchant: 9.6% hydrofluoric acid. (Lot # 151124) 
• Ceramic primer: Silane Primer. (Lot # 5743002) 
17 
• Bonding agent: ExciTE F adhesive. (Lot # U 25335) 
Ceramic material used: 
• Vita Mark II ceramic blocks (VITA Zahnfabrik, Germany). (Lot # 49050) 
Orthodontic metal bracket used:  
• Edgewise-metal brackets (American Orthodontics, Sheboygan, WI, USA). 
 
















































Filler: SiO2; CaO; 









Table 2. Materials used for ion recharge. 
Material Composition Manufacture 
FluoroDose Rosin; Ethanol; sodium fluoride 
Centrix (Shelton, 
CT, USA) 
MI paste plus 
Water; Glycerol; CPP-ACP; d-sorbitol; 
CMC-Na; Propylene glycol; Silicon dioxide; 
Titanium dioxide xylitol; Phosphoric acid; 
Sodium fluoride; Flavoring; Sodium 
saccharin; Ethyl p-hydroxybenzoate; Propyl 
p-hydroxybenzoate; Butyl p-hydroxybenzoate 
GC America 
(Alsip, IL, USA) 
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Table 3. Materials used for ceramic surface preparation. 




Hydrofluoric acid; Ethyl 
alcohol 
- Apply for 
one minute 
- Rinse for 
15 seconds 


























Bis-GMA; UDMA; HEMA; 
Ethanol; Phosphonic acid 
acrylate; KF 
- Apply two 
coats 











• Magnetic stirrer (VWR, Radnor, PA, USA). 
• Convention oven (Fisher scientific, Hampton, NH, USA). 
• Vulcan 3-1750 sintering furnace (DENTSPLY NeyTech, Burlington, NJ, USA). 
• Field-Emission Scanning Electron Microscope (FE-SEM SU6600, Hitachi High-
Technologies, Tokyo, Japan ). 
• Energy Dispersive Spectrometer (EDS Aztec, Oxford Instruments plc, Abingdon, 
Oxfordshire, UK). 
• Ion meter (Orion 4-star, Thermo Fisher Scientific, Waltham, MA, USA). 
• Ion selective electrode (Thermo Fisher Scientific, Waltham, MA, USA). 
• Microwave-Plasma Atomic Emission Spectrometer, Model 4200 MP-AES 
(Agilent, Santa Clara, CA, USA). 
• Sample introduction system; model SPS 4 (Agilent, Santa Clara, CA, USA). 
• Isomet® 5000 Precision Saw (Buehler, Lake Bluff, IL, USA). 
• Instron 5566A Universal Testing Frame (Instron, Norwood, MA, USA). 
• Thermocycling machine (Sabri Dental Enterprises, Grove, IL, USA). 




2.1.2.1 Brief description of Microwave-Plasma Atomic Emission Spectrometer (MP-
AES) 
MP-AES consists of a microwave-induced plasma (MP) connected with an atomic 
emission spectrophotometer (AES). A microwave excitation assembly is used to generate 
a magnetic field around a nitrogen plasma torch.  
The atomized sample is introduced into the nitrogen plasma using a conventional 
introduction system. Axial emission is directed to a fast scanning monochromator optics 
detector connected to a computer. The intensity of each emission line is measured and 


























2.2.1 Experimental composite resin synthesis 
 
2.2.1.1 Bioglass formulation 
Fluoride containing bioactive glass 58S (58% SiO2, 33% CaO and 9% P2O5) was 
synthesized at Boston University Biomaterial Laboratory using sol–gel method.65 The 
procedure as follow: 
• 139.41 g of tetraethyl orthosilicate (TEOS), 138.60 g of triethylphosphate (TEP), 
and 24.5g of calcium nitrate were mixed in order at room temperature for 2 hours 
using a magnetic stirrer (VWR, RadnorRadnor, PA, USA) until solution was clear 
and no precipitation could be detected.  
• 5.96 g of 70% nitric acid (HNO3) were added to 230 mL deionized water. The 
solution was mixed in a glass beaker using a magnetic stirrer (VWR, Radnor, PA, 
USA) for 15 minutes. 
• 4 mL ammonia was gradually added to the mixture in order to adjust the pH level 
of the solution. The solution was then transferred into a sealed glass container and 
stored in a convention oven (Fisher scientific, Hampton, NH, USA) at 35oC for a 
period of 24 hours. Figure 2 (A). 
• After the storage period, when the solution transformed into gel form, the oven 
temperature was elevated to 60oC and the gel was aged for an additional 72 hours. 
Figure 2 (B & C). The temperature was further increased to 100oC to allow the 
Bioglass to completely dry for 48 hours. Figure 2 (D & E). 
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• The bioglass crystals were transferred to a ceramic dish and were then manually 
ground using a ceramic mortar and pestle.  
• A mixture of 3g NaF and 3g CaF2 was added to 30g of the bioglass powder (giving 
7.8% F, 7.0% P, 20.9% Ca by weight). Additional hand grinding was done after 
fluoride addition prior to sintering. Figure 2 (F). 
• The powder was transferred into covered ceramic dishes and placed in a Vulcan 3-
1750 sintering furnace (DENTSPLY NeyTech, Burlington, NJ, USA) at an initial 
temperature at 400oC with a holding time of 1 hour. The temperature was then 
raised to 600oC, and held 1 hour. Finally, the temperature was increased to 700oC 
and held for an additional hour. Figure 2 (G). 
• The mixture was allowed to cool to room temperature; the BG-powder was 
manually ground once more before sieved using 120 micron then 45 micron sieves. 
Figure 2 (H, I, & J). After sieved, the collected powder was stored in a sealed 
















Figure 2. Sol–gel method for preparing fluoride containing bioactive glass powder. A. 
Solution of HNO3, TEOS and TEP and calcium nitrate in drying oven. B & C. Gel form 
during aging. D & E. Bioglass crystals after drying process. F. Fluoride addition and 
grinding. G. Sintering of bioactive glass after fluoride addition. H, I, & J. Sieving K, L. 
Final fluoride containing bioactive glass powder. 
 
 
A B C D 
E F G H 
I J I J K L 
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2.2.1.2 Fluoride containing bioactive glass composite 
In a dark room, 30% by weight of the fluoride-containing bioglass powder was added into 
unfilled resin containing a mixture of triethylene glycol dimethacrylate (TEGDMA), 
benzoyl peroxide (BPO), and urethane dimethacrylate (UDMA). Photoinitiator was 
prepared by mixing camphorquinone (CQ), phenylbis (2,4,6-trimethyl-benzoyl) phosphine 
oxide (PO), and ethyl 4-(dimethylamino)benzoate (E4) using the ratio of 1:2:4. The 
photoinitiator mix was added to the resin in 1 wt.% and mixing was done in a dark room 
for 5 minutes until homogenous using a metal spatula and a glass slab. The bioactive glass 
resin was stored at room temperature in a dark jar covered with aluminum foil until needed. 
 
2.2.1.3 Microstructural evaluation 
Field Emission Analytic Scanning Electron Microscope (FESEM, Hitachi SU6600) 
equipped with AZtec X-Max 50 SDD energy dispersive spectrometer was used for surface 
analysis. Crystal morphology, size and elemental composition were evaluated.  
The microscope operated under the following conditions:  
• Voltage 15 kV. 
• Tip current 34 µA 
• Working distance 10 mm 
• Decreased vacuum in the chamber with the pressure of 60 Pa.  
For the SEM observations, BG powder was placed on a carbon double-sided tape on an 
aluminum stub (Ted Pella Inc., Redding, CA). The specimens were inspected with an 
acceleration voltage of 15 kV. Particle size, shape and distribution were evaluated. 
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Elemental analysis of crystals was also evaluated using Aztec EDS under magnification of 
1000 and VP mode. X-ray spectrum were obtained, and elements were identified using 
Aztec software. The weight percentage of each identified element was quantitatively 
analyzed and recorded for statistical analysis. 
 
2.2.2 Ion release and recharge 
 
2.2.2.1 Specimens preparation for ion release measurement 
Samples of bioactive composite resins, RMGIC and flowable composite resin were 
fabricated using 1×9 mm disk-shaped aluminum molds. The mold was sprayed with silicon 
mold-release spray to facilitate separation after curing. Materials were injected into the disc 
molds insuring no air bubbles. The mold was then covered with a 1 mm thick glass slab 
and secured in place using large paper clips on each side. RMGIC and the control 
composite samples were cured from top and bottom using a Bluephase Light cure 20i 
(Ivoclar Vivadent Inc., Schaan, Liechtenstein) for 40 seconds following the manufacturer 
recommendations. BG composite samples were cured from top and bottom for similar time. 
After curing, discs were separated from the mold using finger pressure, wiped with 
Kimwipes® (Kimberly-Clark, Irving, TX, USA) stored in sealed plastic tubes containing 
15 mL of deionized water in an incubator at 37oC.  
 
2.2.2.2 Ion release measurement prior to recharge 
Ion release and recharge of fluoride, calcium and phosphate were sampled and evaluated 
according to the following study design (Table 4).  
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The amounts of fluoride, calcium, and phosphate ions released were evaluated at 
different time points: 1 hour, 24 hours, 2 days, 3 days, 4 days, 5 days 6 days and 7 days. 
From the 15 mL storage solution, at each time point, 7.5 mL of solution specimen was 
extracted and used for fluoride release measurement and the remaining 7.5 mL was used 
for calcium and phosphate ion release measurements. After solution extraction, the samples 
were placed in fresh deionized water, and placed back in the incubator at 37°C until the 
following time point. An ion meter (Orion 4-star) with a F ionic selective electrode was 
used to determine fluoride concentration. A Microwave-Plasma Atomic Emission 
Spectrometer (MP-AES), model 4200 was used for the calcium and phosphate 











Figure 3. Equipment used for ion release measurements. A. Ion meter used in the 
study. B. Microwave-Plasma Atomic Emission Spectrometer. 
 
Fluoride ion analysis: 
The amount of fluoride ion released was measured using an ion meter, Orion 4-star, 
equipped with a fluoride selective electrode. Calibration of the machine was done prior to 
each time point’s measurement. Fluoride standards were prepared by adding 1:1 of NAF 
to TISAB II then 0.1 ppm, 0.2 ppm, 2 ppm, and 5 ppm concentrations were prepared and 
used for calibration. From each sample solution, 7.5 mL was extracted and an equal amount 
of TISAB II solution was added to each via of extracted solution prior to measuring. 
The ion selective electrode was rinsed prior to and after each measurement with deionized 
water and blotted dry using Kimwipes® (Kimberly-Clark, Irving, TX, USA). The electrode 
was then submerged in the testing solution and left until the reading was stable. The values 
were recorded in an excel sheet for statistical analysis. 
Calcium and phosphate ion release: 
For calcium and phosphate ions release measurements, 7.5 mL of the specimen 
solutions were extracted.  
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A Microwave-Plasma Atomic Emission Spectrometer, Model 4200 MP-AES 
(Agilent, Santa Clara, CA, USA) was used to measure calcium and phosphate ion release. 
Calibration was done prior to measurements. Calcium standard was prepared by dissolving 
2.497g of dried calcium carbonate in a minimum volume of 1:4 nitric acid and diluted to 1 
liter in order to give 1000 ppm Ca. 5 ppm and 10 ppm calcium standards were prepared 
and used for calibration. Phosphate standard was prepared by dissolving 37.138g of dried 
NH4H2PO4 in water and diluted to 1 liter in order to give 10000 ppm phosphate then 50 
ppm and 100 ppm standards were prepared and used for calibration.  
The equipment settings were as follow: 
• Pump speed: 15 rpm. 
• Uptake time: 60 seconds. 
• Rinse time: 30 seconds. 
• Stabilization time: 15 seconds. 
• Calcium wavelength: 393.366 nm. 
• Phosphate wavelength: 213, 618 nm. 
• Correlation coefficient of phosphate: 1.00000. 
• Correlation coefficient of calcium: 0.99985. 
The specimens were placed in an auto-sampler and a sample introduction system, 
model SPS 4 (Agilent, Santa Clara, CA, USA) was used to transfer the solutions into the 
spectrometer for measurements. Three readings were recorded for every specimen and the 
average was plotted to an excel sheet to be ready for statistical analysis. 
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2.2.2.3 Post recharge ion release measurement  
Specimens were rinsed with deionized water, air dried, and coated with 5% sodium fluoride 
varnish (FluoroDose, Centrix, Shelton, CT, USA) and allowed to recharge for 5 minutes. 
Specimens were then thoroughly rinsed with deionized water, air-dried and immersed in 
MI Paste Plus (GC America, Alsip, IL, USA) for 30 minutes to allow for fluoride and 
calcium recharge. Following the recharging periods, the specimens were thoroughly rinsed 
with deionized water and placed in sealed plastic vials containing 15 mL deionized water 
and kept in an incubator at 37°C between samplings.  
The samples of recharge solution were extracted after 1 hour and then daily for 
seven days. After sample extraction, the specimens were placed in 15 mL fresh deionized 
water. The Analysis of the concentration of fluoride, calcium and phosphate ions was 
performed using the previously described methods. 
 
2.2.3 Shear bond Strength Testing: 
Shear bond strength between metal orthodontic brackets and ceramic material were tested 
according to the study design (Table 5). 
 
Table 5. Specimen distribution for shear bond strength test. 
Materials Test Thermocycling Sample size 
Filtek Supreme Ultra 










2.2.3.1 Specimen preparation for bond strength testing: 
Vita Mark II ceramic blocks (VITA Zahnfabrik, Germany) were sectioned to produce 2 
mm x 12 mm x 14 mm rectangular samples using an Isomet® 5000 Precision Saw (Buehler, 
Lake Bluff, IL, USA). A precision Sectioning Blade, Isomet, no. 11-4276, with 0.5 mm 
thickness was used with water cooling at 300 rpm and feed rate of 1mm/minute to produce 
the rectangular samples. The samples were then cleaned using 70% isopropyl alcohol in an 
ultrasonic cleaner for 2 minutes. Ceramic specimens were divided into the three groups 
according to the study design (n=10). The materials used for ceramic surface treatment are 
displayed in Table 2.  
The ceramic surface for each group was pretreated as follows: 
• Filtek Supreme Ultra:  
1. 9.6 % Hydrofluoric acid. 
2. Saline primer. 
3. Bonding agent. 
• Fluoride containing bioactive glass composite: 
1. 9.6 % Hydrofluoric acid. 
2. Saline primer.  
3. Bonding agent. 
• Photac Fil Quick Aplicap: N/A. 
Cementing materials were applied to the base of standard edgewise-metal brackets 
(American Orthodontics, Sheboygan, WI, USA) and were lightly placed on the center of 
the ceramic surface and pressed firmly into their final position. Excess material was 
removed carefully using a microbrush without disturbing the bracket position. The 
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cementing resin materials were polymerized from each side of the bracket for 20 seconds 
at a distance of 1mm using a Bluephase Light cure 20i (Ivoclar Vivadent Inc., Schaan, 
Liechtenstein) (Figure 4). Bonded specimens were stored in 100% humidity in the dark at 






Figure 4. Orthodontic bracket bonded to rectangular ceramic sample.  
 
2.2.3.2 Bond strength  
Shear bond strength of the cemented specimens were tested using an Instron 5566A 
Universal Testing Machine (Instron, Norwood, Massachusetts) with 1 kN load cell. The 
specimens were fixed on a metal fixture with attached shear blade allowing the load to be 
applied to the top part of the metal bracket parallel to the bonded interface. A hardened 
steel compression rod with a flat end attached to the testing machine was positioned and 
aligned over the shear blade. A load was applied until the bracket detached from ceramic 
block (Figure 5). 
The test was run with a crosshead speed of 0.5mm/min, controlled using BlueHill 
3 software (Instron, Norwood, Massachusetts). Maximum load to failure was recorded and 
the controlling software calculated the shear bond strength according to the following 
formula: 
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Shear bond strength (MPa) = F/A 
Where 
• F is load at failure in Newton. 
• A represents the adhesive area in mm2. 








Figure 5. Bonded specimens mounted on a universal testing machine. 
 
2.2.3.3 Mode of failure 
After the bracket de-bonded, surfaces were examined visually for mode of failure analysis. 
The mode of failure was recorded as follow: 
• Adhesive, if the failure occurred in the bracket/cement interface. 
• Cohesive, if the failure occurred in the ceramic/cement interface.  
• Mixed mode, if both adhesive and cohesive failure modes occur. 
The mode of failure data were plotted in an excel sheet for statistical analysis. 
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2.2.3.4 Thermocycling 
Bonded specimens (n=10) for each group were subjected to thermocycling. A 
thermocycling machine (Sabri Dental Enterprises, Grove, IL, USA) was calibrated before 
use. Each group was placed in a mesh bag and subjected to 5000 cycles in cold/hot water 
baths (5oC and 55oC). The machine was programmed for a dwell time of 30 seconds and a 
transfer time of 15 seconds. After thermocycling period, the specimens were subjected to 
the same shear bond test and mode of failure explained previously. Data were transferred 
in an excel sheet and loaded in JMP Pro 13.2 for statistical analysis.  
 
2.3 Statistical analysis 
Statistical analysis was done using the JMP Pro 13 statistical software (SAS, Cary, NC). 
Descriptive data for EDS elemental analysis were recorded as mean weight percentage 
and (%) standard deviation (SD). Ion release and recharge data were recorded as mean 
concentration (ppm) and cumulative mean concentration (ppm). Interactive effects for 
material and time on ion release amount were evaluated using a linear regression model. 
Alpha was set at 0.05. Descriptive data for shear bond strength were recorded as mean 
retention strength (MPa), standard deviation (SD), and coefficient of variance (CoV). A 
one-factor analysis of variance (ANOVA) test was used to analyze statistical difference 
between groups. Linear regression analysis was performed to analyze the thermocycling 
effect. Mode of failure frequency was displayed using contingency tables and mosaic plots.  
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CHAPTER 3. RESULTS 
 
3.1 Microstructural evaluation: 
 
3.1.1 SEM observations: 
Bioactive glass powder was evaluated for crystal size and morphology before and after the 
addition of fluoride powder by using a Scanning Electron Microscope (SEM), observations 
are displayed in Figure 6 and Figure 7. The particles were mostly below 10 microns (6.96 
± 5.93 µm). SEM observations for  BG composite, control composite and RMGIC are 











Figure 6: SEM photograph of bioactive glass powder before the addition of fluoride 




Figure 7. SEM photograph of bioactive glass powder including particle size after the 
addition of fluoride (original magnification 1000 x). 
 
 
Figure 8. SEM photograph of fluoride containing bioactive glass composite (original 




Figure 9. SEM photograph of Filtek Supreme Ultra flowable composite (original 
magnification 200 x). 
 
 
Figure 10. SEM photograph of Photac Fil Quick Aplicap RMGIC (original 
magnification 200 x). 
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3.1.2 Elemental composition analysis 
To investigate the elemental analysis of fluoride containing bioactive glass powder, Energy 
dispersive spectrometer (EDS) analysis was performed. Spectra for elemental 
identification are shown in Figure 11. Descriptive data for the identified elements are 
displayed in Table 6. The presence of fluoride, phosphate and calcium ions in the fluoride 
containing bioactive glass was confirmed showing a mean weight percent of 8.69 ± 5.03%, 
11.21 ± 2.59%, and 13.93 ± 5.24%, respectively. 
 
Figure 11. EDS analysis for the fluoride containing bioactive glass powder. 
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O F Na Si P Ca 
Max 47.05 18.48 16.88 21.95 16.57 23.3 
Min 28.27 3.91 7.3 5.21 7.77 8.45 
Mean 40.6 8.69 11.05 14.52 11.21 13.93 
SD 6.66 5.03 3.12 6.49 2.59 5.24 
 
3.2 Ion release 
 
3.2.1 Ion release measurement prior and post recharge 
 
The amount of ion release pre and post recharge for a flowable composite resin, resin 
modified glass ionomer and an experimental fluoride containing bioactive glass composite 
















Figure 12. Ion release and recharge pattern by material group over time. 
 
 































































































































































































































































3.2.2 Cumulative ion release measurement 
The cumulative fluoride, calcium and phosphate ions release profile for BG composite, 
RMGI and the control composite are displayed in Figure 16 and Figure 17. 
 
 
Figure 16. Cumulative ion release and recharge pattern by material group over 
time. 
  
















































































































































3.2.3. Interactive effects for material and time on ion release amount. 
The impact of material, time and ions release was evaluated statistically using a linear 
regression model. The effect tests data are displayed in Table 7, Alpha was set at 0.05. 
There was a significant effect of material and time on the amount of ions released before 
and after the recharge. 
 
Table 7. Effect tests for material and time on ion release amount. 
Source Nparm DF 
Sum of 
Squares 
F Ratio P-value 
Material 2 2 1.85 22.9301 <0.0001* 
Time 7 7 3.02 10.6915 <0.0001* 
Material*Time 14 14 2.19 3.8819 <0.0001* 
Ion release/recharge 1 1 0.29 7.2689 0.0076* 
Material*Ion release/recharge 2 2 1.127 13.9685 <0.0001* 
Time*Ion release/recharge 7 7 1.75 6.1918 <0.0001* 
Material*Time*Ion 
release/recharge 




3.3 Bond strength 
Three materials (BG composite, RMGIC, and flowable composite) were tested for shear 
bond strength between SS orthodontic brackets and ceramic blocks before and after 
thermocycling. Descriptive data are displayed in Figure 18. 
 
 
Figure 18. Descriptive data for shear bond strength. 
 
Linear regression analysis was performed to differentiate factorial effects between 




























to identify groups with significant difference. Least square mean data and significant 
differences are displayed in Table 8. Least square mean plot is displayed in Figure 19. 
 






1 2 3 4 
BG, Control 23.39   C  1.1700422 
BG, Thermocycling 25.73  B C  1.1700422 
Composite, Control 28.63  B   1.1700422 
Composite, Thermocycling 44.27 A    1.1700422 
RMGIC, Control 2.35    D 1.1700422 
RMGIC, Thermocycling 20.96   C  1.1700422 
*Levels not connected by the same letters are significantly different. 
 
 
































3.4 Mode of failure 
Failure mode for BG composite, RMGIC, and flowable composite were examined after 
debonding, Mode of failure and cement residue are displayed in Figure 20-23 and Table 9-
12. For the BG group, failure mode was exclusively cohesive before and after 
thermocycling. For the composite group, failure mode was predominantly mixed before 
and after thermocycling. For the RMGIC group, failure mode was exclusively adhesive 
before thermocycling. After thermocycling, RMGIC showed a predominant mixed failure. 
Pooled mode of failure data by treatment are displayed in Figure 24 and Table 13. Pooled 
data showed that, without thermocycling, failure mode was mostly cohesive (43.33%) 
followed by adhesive (36.67%) and mixed failure (20%). After thermocycling, the mode 
of failure was either cohesive (53.33%) or mixed (46.67%). Pooled mode of failure data 
by materials are displayed in Figure 25 and Table 14. BG composite showed exclusive 
cohesive mode of failure;  The control composite showed 5% adhesive, 25% cohesive and 
70% mixed failure while the RMGIC showed 50% adhesive, 20% cohesive and 30% mixed 
mode of failure. 
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Table 12. Contingency table for cement residue by material after thermocycling. 
Count 
Total % 
Col %Row % 






























































































































































































CHAPTER 4. DISCUSSION 
 
The aims of this in-vitro study were to develop a fluoride containing bioactive glass 
composite, to investigate its ion release and rechargeability, and to evaluate its use to bond 
metal orthodontic brackets. The fabrication of the bioactive glass was done using sol-gel 
method. Fluoride, calcium and phosphate release and recharge were measured at 1hr, and 
then daily for 7 days. Fluoride ions release and rechargeability were measured 
quantitatively using an ion meter equipped with selective ion electrode. Calcium and 
phosphate ions release and rechargeability were measured using a Microwave-Plasma 
Atomic Emission Spectrometer. To evaluate the bond strength to metal orthodontic 
brackets, tested materials were used to bond orthodontic brackets to ceramic blocks and 
shear bond strength test was performed using a universal testing machine. 
 
4.1 Fluoride containing bioactive glass composite 
Calcium, phosphate and fluoride ions are known to benefit remineralization and 
strengthening of enamel structure. Dental enamel is a highly mineralized comprising of 
99% calcium phosphate crystals by weight which are mainly in the form of hydroxyapatite 
crystals, Ca10(PO4)6(OH)2. 66 The presence of fluoride ion can substitute the hydroxyl 
group (OH) yielding the formation of fluorapatite, Ca10(PO4)6(F)2, which is less soluble 
than hydroxyapatite crystals.44 Fluoride is also known for its anticariogenic effect, and 
facilitating of remineralization process by helping in re-precipitation of free calcium and 
phosphate ions.48,49  
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In this study, a sol-gel method was used to fabricate the fluoride containing 
bioactive glass fillers. The reason to use this fabrication method is to synthesize the fillers 
at lower temperature resulting in material of higher purity and homogeneity compared to 
melting method. 60,61  
Scanning electron microscope observation in this study was done to evaluate filler 
size and geometry. Hybrid fillers were found with irregular shapes and sizes. The size range 
of the fillers was 3.89 - 33.9 µm with an average particle size of 6.96 ± 5.93 µm. This 
makes our bioactive composite similar to conventional composites which have a filler size 
range from 4 µm to 40 µm.  
 
4.2 Ion release 
In order to justify our findings, the mechanism of ion release and recharge of materials 
need to be explained. For the RMGIC, two overlaying setting mechanisms were explained 
in the literature: a slow acid-base reaction between polyacid polymers and fluoro-
aluminosilicate glass filler, and a faster photo-initiated polymerization. In the acid-base 
reaction, the surface of the glass particles is gradually dissolved by polyacids resulting in 
leaching calcium and fluoride ions. The photopolymerization reaction occurs at a much 
faster rate when the material is exposed to a light source.67 
Photopolymerization mechanisms of RMGIC and composite resins are similar. The 
additive reaction takes place in three stages: initiation, propagation, and termination. In the 
initiation stage, polymerization of composites is triggered by visible blue light and active 
free radicals are formed generating an active center monomer radical. This is followed by 
the propagation stage when polymer chains are forming and growing. Finally, the reaction 
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is terminated when the carbon double bonds convert to single bonds.  
For the bioactive glass composite, in addition to the photopolymerization reaction, 
three mechanisms of action take place when the material immersed in an aqueous solution: 
First, the glass network releases alkaline agents resulting in an increase in pH above the 
neutral. Second, dissolution of the glass network occurs resulting in the formation of 
aqueous silica on the surface. Finally, ions are released and form a layer rich in calcium 
and phosphate on the surface. 68  
 
4.2.1 Fluoride ion release 
For the fluoride ions release rate prior to the recharge period, BG composite and RMGI 
showed similar patterns. The peak fluoride ion release of BG composite and RMGIC was 
at 24 hours with a mean release of 3.59 ± 0.46 ppm and 8.75 ± 0.78 ppm, respectively. 
After the initial burst of fluoride release, both materials showed a decline in the release rate 
until reaching a mean of 1.25 ± 0.11 ppm for the BG composite and 1.35 ± 0.28 ppm for 
the RMGIC at 1 week. Fluoride containing restorative materials behaved similarly in 
previous studies. 69,70  
The control composite material showed a different pattern. There was no initial 
“burst” of fluoride ions. Low-level fluoride ions released was noted until no detectable 
fluoride ions at day five. The fluoride release from composite resin may be attributed to 
dissolution of ytterbium fluoride particles at the surface of specimens. 
The pattern of fluoride release for RMGIC and the control composite materials was 
similar to a study done by Strother et al.70 In Strother et al. study, fluoride release was 
evaluated for RMGIC (Photac fil, 3M ESPE) compared to a composite resin (Tetric, 
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Ivoclar). The fluoride release peak for RMGIC in their study was similar in pattern to our 
study but lower in the releasing amount (8.75 ppm compared to approximately 5 ppm). 
This can be attribute to the smaller surface area for their specimens (113.1mm2) compared 
to 155.51mm2 for the specimens used in our study. The amount and pattern of fluoride 
release for the composite material was similar to our study. 
 
4.2.2 Fluoride ion recharge 
After recharging the specimens with 5,000ppm sodium fluoride varnish, a burst of fluoride 
release occurred at day 2 for BG composite (1.82 ± 0.08 ppm), and at day one for RMGIC 
and the control composite (2.65 ± 0.1 ppm and 1.5 ± 0.15 ppm, respectively). Neutral NaF 
varnish has shown to increase roughness of the surfaces of restorative materials.71,72 This 
can cause the recharging material to accumulate on the material surfaces, causing a burst 
effect ion release after ion recharge.  
The initial burst for the BG composite and the RMGIC after recharging period can 
be as a result of combination of deposition of ions to the roughened materials surfaces and 
bulk diffusion into their polymer matrix. The initial burst of fluoride after recharging period 
for the control composite might be attributed to surface deposition only.  
After an initial peak of fluoride ions release after recharging period, all materials 
showed a decline in the release rate reaching a mean of 0.18 ± 0.04 ppm for the BG 
composite, 0.43 ± 0.12 ppm for the RMGIC while the control composite material had a 
minimum detectable amount of 0.01 ± 0.00 ppm at 1 week. The lower level of fluoride 
release in the control composite maybe attributed to the lack of components capable of 
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forming chemical interaction with fluoride. This is in agreement with a study done by Davis 
et al.73  
The BG composite in this study was found to have lower cumulative fluoride 
release and recharge than RMGIC (Figure 16). This might be attributed to BG composite 
having low concentration of fluoride (8.69 ± 5.03 % by weight) or the formation of either 
fluorapatite or calcium fluoride reduced the free fluoride ions available, resulting in a 
decrease in the fluoride release measurements.  
 
4.2.3 Calcium ion release 
For calcium ions release rate prior to recharge, BG composite showed a peak calcium ions 
release at day 1 time point of 0.87 ± 0.22 ppm. RMGI had a peak calcium ions release of 
0.74 ± 0.31 ppm at Day 2 time point while the control composite had minimum release of 
and 0.09 ±0.01 ppm at Day 1 time point. After that, all materials showed a decline in the 
releasing rate until reaching a mean of 0.25 ± 0.05 ppm for the BG composite, 0.06 ± 0.02 
ppm for the RMGIC, and negligible release amount of 0.02 ± 0.01 ppm for the control 
composite material at Week 1.  The RMGIC in our study was stored in deionized water. 
This causes the material to absorb water and swell thus fastening the rate of ion release. 74  
For the BG composite, the initial burst of calcium release may be due to diffusion 
from a higher calcium concentration of the BG composite to the lower concentrated storage 
media. Once it reached equilibrium, the release amount was small and constant throughout 
the rest of testing period. The BG calcium measurement at 1 week (0.25 ± 0.05ppm) was 
similar to the release amount at the same time point (approximately 0.3 ppm) in a study by 
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Regnault et al. 58 where they measured calcium ion release of UDMA based calcium 
phosphate composite. 
Minimum calcium release was noted in the control composite. Probably one of its 
ingredients contains some calcium ions that were released on exposure to water. 
 
4.2.4 Calcium ion recharge 
After recharging period, the peak calcium ions release for BG composite and RMGIC was 
at 1 hour of 0.31 ± 0.13 ppm and 1.16 ± 1.29 ppm, respectively. The control composite 
material had a peak post-recharge calcium ions release of 0.23 ± 0.06 ppm at Day 1. The 
initial burst in ion release post recharge period for the three materials tested may be 
attributed to the MI paste varnish adhered to the surface porosity on the RMGIC and control 
composite specimens. The BG composite have the ability to form hydroxyapatite and 
fluorapatite layer; This combined with surface ion deposition may attributed to the burst 
effect happened in this material. 
After the initial increase of calcium ions released, all materials showed a decline in 
releasing rate. At week 1, RMGIC and the composite control materials showed a minimum 
detectable calcium ion amount of 0.01 ± 0.00 ppm while BG composite group had a mean 
calcium ion release of 0.13 ± 0.02 ppm. In a study done by Zhang et al.59 the calcium 
release amount at 1 week after recharge (approximately 0.5 ppm) was higher when 
compared to our study (0.13 ± 0.02 ppm). This can be explained by the acidic storage 
solution (pH 4) used in their study which influenced the amount of ion release. 
Although higher cumulative recharge of calcium ions were found in RMGIC than 
the BG composite (Figure 16), one of the notable findings was the ability of the BG 
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composite to release larger amount of calcium at the end of the experiment period which 
is beneficial clinically. The hydroxyapatite or fluorapatite layer formed on the BG 
composite does not occur on the RMGIC nor on the control composite and might explain 
the continuous calcium release of the BG composite.  
 
4.2.5 Phosphate ion release 
For the phosphate ions releasing rate prior to recharge, BG composite showed a peak 
phosphate ions release at day 1 of 13.23 ± 1.63 ppm. This burst of phosphate release maybe 
caused by fast diffusion from a higher phosphate concentration of the BG composite to the 
lower concentrated storage media. Once it became equilibrated, the release was small and 
constant throughout the testing period (3.06 ± 0.58 ppm). 
RMGI had a peak phosphate ions release of 6.87 ± 1.27 ppm at Day 2 then slowed 
down to the rate of 1.56 ± 0.16 ppm at 1 week. This can be explained by dissolution of 
surface AlPO4 formed by the acid base reaction of RMGIC.75  
The control composite material had a minimum detectable amount of phosphate 
ions only at the 1 hour time point and not detectable afterwards. Probably one of the 
ingredients in the control composite contains some phosphate ions that are released on 
exposure to water. 
 
4.2.5 Phosphate ion recharge 
After recharging period, the peak phosphate ion release for BG composite was at day 3 of 
2.95 ± 0.56 ppm. RMGIC showed a peak post recharge phosphate ions release at day 2 of 
1.84 ± 0.05 ppm.  
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After an initial increase post-recharge phosphate ion release, both materials showed 
a decline in the releasing rate. At 1 week, BG composite group had a mean phosphate ion 
release of 0.7 ± 0.13 ppm. RMGIC material had no detectable phosphate ions after day 5 
time point. The control composite material did not show detectable phosphate ions after 
recharge at any time point. This might be explained by the formation of hydroxyapatite or 
fluorapatite crystals on the surface of BG composite.68 The continuous phosphate release 
of BG composite is beneficial clinically in fastening the formation of hydroxyapatite and 
fluorapatite crystals resulting in stable bioactive material. This finding is in agreement with 
previous studies. 58,59  
 
4.3. Bond Strength 
BG composite, RMGIC, and control composite were tested for shear bond strength 
between metal orthodontic brackets and ceramic blocks before and after thermocycling. In 
our study, the ceramic surface was pretreated using hydrofluoric acid and silane. 
Hydrofluoric acid selectively dissolves the glassy phase of the ceramic makes the surface 
porous for cement materials penetration. 76 After etching, the ceramic surface was treated 
with bi-functional silane coupling agent to improve chemical adhesion between the 
substrates.77 
For the materials tested before thermocycling, the control composite showed higher 
shear bond strength (28.63± MPa) than BG composite (25.73± MPa), which was higher 
than RMGIC (2.35 ± MPa). Similar trend for control composite and RMGIC was found in 
a study done by Larmour et al., where the specimens were stored for 24 hours. 78  
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The higher bond strength of the control composite compared to the BG composite 
can be explained by the characteristics of fillers in each material.  The filler load of the 
control composite was 60% wt. glass fillers is higher compared to BG composite, which 
contains 30% wt. bioactive glass fillers. The higher filler load of the cementing materials 
usually results in better mechanical properties.79 
When the materials were subjected to thermocycling, the results showed a 
significant increase in bond strength for the control composite and RMGIC (P<0.05). The 
increase was also noted but not significant for BG composite. This can be explained by the 
continuous setting reaction for all materials tested beyond 24 hours. The most notable 
increase in bond strength was in RMGIC may be due to slower acid - base reaction of the 
material to reach its ultimate strength. Bond strength data in this study suggest that allowing 
more time for the materials to reach its full strength before attaching the orthodontic wires 
is recommended and applying forces can disturb the setting reaction of the glass-ionomer 
based bonding materials. 
The mode of failure for tested specimens showed exclusive cohesive failure for BG 
composite before and after thermocycling, mixed failure for the control composite groups, 
and exclusive adhesive failure for RMGIC group before thermocycling and predominant 
mixed failure after thermocycling treatment.  
Clinically, the ideal cement should achieve minimum bond strength of 5-10 MPa 
during orthodontic treatment and promote easy and safe removal when debonding.80 In our 
study, BG composite and RMGIC fulfilled this recommendation while ceramic fracture 
occurred upon testing one of the control composite samples. In situations when composite 
resin is used to bond orthodontic brackets, patients should be warned about the risk of 
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The present in-vitro study evaluated the fluoride, calcium, and phosphate release and 
recharge from a novel bioactive glass composite in comparison to RMGIC and control 
composite. However, to fully assess its optimal effect, it requires clinical trials. Several 
factors may influence the outcome of this study clinically such as pH, oral hygiene and 
saliva and biofilm compositions. Similarly, when evaluating shear bond strength, several 




CHAPTER 5. CONCLUSIONS 
 
1. A fluoride containing bioactive glass composite was fabricated that showed the 
ability of ion release and recharge. 
2. There was a significant difference in the amount of ion release and recharge among 
tested materials at different time points.  
3. Favorable fluoride, calcium and phosphate ion release and recharge of BG 
composite were maintained over the testing period. 
4. Although control composite showed higher bond strength to metal orthodontic 
brackets than BG composite and RMGIC. BG composite showed favorable 
cohesive failure mode. 
5.  Thermocycling had a significant influence in bond strength for the materials tested 
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